It has been claimed that the mechanical performance and the related energy turnover of the left ventricle can be reliably predicted on the basis of its time-varying elastance behavior. In its most elementary form, this behavior can be mathematically described by E(t) =P(t)/[V(t) -Vd], where E is ventricular elastance, t is time, P is ventricular pressure, V is ventricular volume, and Vd is the intercept of the end-systolic pressure-volume line on the volume axis. To find out how this behavior of the ventricle as a whole is related to the properties of the myocardium, we tested the energetic prediction for the ventricle that the pressure-volume area of an isovolumic contraction equals the energy released in relaxation in experiments on isolated rabbit papillary muscle at 200 C. To that end, the energy (joules) contained by the force-length area of the muscles, contracting isometrically, was compared with the heat (joules) liberated in relaxation as measured with thermopiles. Mechanical performance of the muscles was varied by altering initial muscle length and external calcium. The slope of the resulting relation between force-length area and heat liberated in relaxation (n=26) was not significantly different from unity. Thus, the energetic prediction of the time-varying elastance model developed for the whole left ventricle was confirmed by experiments on rabbit papillary muscle at 200 C. (Circulaion Research 1990;67:893-901) T he relation between pressure and volume of the ventricle, in particular at the end of systole, has drawn interest for more than 80 years. Until 1973, the experimental evidence'-4 indicated that the end-systolic pressure-volume relation differed for isovolumic and ejecting beats. Over the last 15 years, however, this view has changed. Rather convincing results, obtained from the study of isolated blood-perfused dog ventricles, now indicate that the time-dependent relation between pressure and volume of the left ventricle is only determined by the inotropic state of the heart.5,6 According to this view, the pressure-volume ratio at any point in one cardiac cycle is defined as
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It has been claimed that the mechanical performance and the related energy turnover of the left ventricle can be reliably predicted on the basis of its time-varying elastance behavior. In its most elementary form, this behavior can be mathematically described by E(t) =P(t)/[V(t) -Vd], where E is ventricular elastance, t is time, P is ventricular pressure, V is ventricular volume, and Vd is the intercept of the end-systolic pressure-volume line on the volume axis. To find out how this behavior of the ventricle as a whole is related to the properties of the myocardium, we tested the energetic prediction for the ventricle that the pressure-volume area of an isovolumic contraction equals the energy released in relaxation in experiments on isolated rabbit papillary muscle at 200 C. To that end, the energy (joules) contained by the force-length area of the muscles, contracting isometrically, was compared with the heat (joules) liberated in relaxation as measured with thermopiles. Mechanical performance of the muscles was varied by altering initial muscle length and external calcium. The T he relation between pressure and volume of the ventricle, in particular at the end of systole, has drawn interest for more than 80 years. Until 1973, the experimental evidence'-4 indicated that the end-systolic pressure-volume relation differed for isovolumic and ejecting beats. Over the last 15 years, however, this view has changed. Rather convincing results, obtained from the study of isolated blood-perfused dog ventricles, now indicate that the time-dependent relation between pressure and volume of the left ventricle is only determined by the inotropic state of the heart. 5, 6 According to this view, the pressure-volume ratio at any point in one cardiac cycle is defined as E(t)=P(t)/[V(t)-Vd] (1) where E is ventricular elastance, t is time, P is ventricular pressure, V is ventricular volume, and Vd is ventricular volume at zero ventricular pressure. For a fixed inotropic state, the relation between pressure and volume of the ventricle appeared to be From the Laboratory for Physiology, Free University of Amsterdam, The Netherlands. solely determined by a fixed E(t) function, which symbolically can be written as E(t) =f(t,Emax,Tmax) (2) In other words, for fixed inotropism the elastance of the heart is a function of time only and does not depend on preload or afterload. The time-varying elastance function (for a given inotropic state) can be characterized by its maximum value (Em.) and the time (Tm, ) to reach that value, both of which appeared to be independent of the type of contraction.
In view of the earlier results1`4 obtained from hearts of species other than dog, such as frog and rabbit, the simple time-varying elastance behavior as given by Equations 1 and 2 might be regarded as an exception rather than the rule. However, a few years after the first reports',6 on the validity of Equations 1 and 2 as a description of mechanical behavior, it was suggested that the same equations could also be viewed as the basis for the contraction-related energy turnover of the ventricle.7'8 The experimental evidence supporting this opinion revealed that oxygen consumption increases linearly with the so-called pressure-volume area, that is, the area enclosed by the systolic pressure-volume trajectory and the Em. Emax PVA relaxation, the energy must, after peak contraction, appear as heat. Therefore, the heat released by the myocardium during relaxation of an isovolumic contraction (Hir) should be equal to the pressure-volume area.
A direct comparison of Hi, and pressure-volume area cannot be done in the intact heart because heat production cannot be measured in the perfused organ with the required time resolution.14 Therefore, to test the prediction experimentally, we used rabbit papillary muscles on thermopiles at 200 C and compared the force-length area (FLA) with Hir.
IV.C. ventricular volume Cm3) FIGURE 1. Schematic explanation of the hypothesis tested experimentally in the present study. In an isovolumic contraction (I.VC.), the potential energy stored in the ventricle at peak contraction is given by the pressure-volume area (PVA). If no extemal work is done, this potential energy is released as heat. Therefore, the heat released in relaxation should be identical to PVA. E,., slope of the end-systolic pressurevolume relation.
of the contraction pattern and has an intercept on the oxygen consumption axis.9,10
These energetic findings on the isolated dog heart provoked questions about the cellular mechanism underlying the time-varying elastance model as have, for instance, been posed by Gibbs and Chapman.1" These questions should lead to further experimental testing of the assumptions on which the model is based and of the predictions that can be obtained from it. For such tests the use of isolated papillary muscles or trabeculae can be advantageous in the avoidance of experimental and geometrical complexities.
Some years ago Elzinga and Westerhof12 used isolated cat trabeculae to test the assumption underlying the model that Em. was independent of the type of contraction. In contrast to the implications of Equation 2, they found for that preparation that the moment Tm, at which Emax was reached depended on the load during shortening. However, the time required to move through the pressure-volume plane need not affect the pressure-volume area and, thus, the predicted energy turnover.
The present study describes results of experiments on rabbit papillary muscle testing an energetic implication of the time-varying elastance behavior as described by Equations 1 and 2. To explain the logic behind this experiment, a schematic drawing of the pressure-volume relation is presented in Figure 1 .
According to the above concept, at peak isovolumic contraction, when Emax is reached, the pressurevolume area equals the potential energy stored in the ventricle at the end of systole. Most (70%) of this potential energy is available to the ventricle to perform work.'3 However, when no work is done in
Materials and Methods Preparation and Measurements
Rabbits (2.8-5.0 kg) were injected intravenously with 150 IU heparin. The animals were killed by a blow to the neck, and the hearts were rapidly excised. According to the procedure described by Mulieri et al,15 the isolated hearts were exsanguinated in a series of four beakers of oxygenated Tyrode's solution at 370 C containing (mM) NaCl 128, KCl 4.7, CaCl2 1.4, MgCl2 1.1, NaHCO3 20, NaH2P04 0.4, and glucose 11.1.
Papillary muscles were selected from the right ventricle. Silk threads were pulled through the tendinous as well as through the basal end of the muscles and tied with two knots. The muscles were then mounted on the thermopile (see below). The ends of the silk threads were used to tie the basal end to a stainless steel rod connected to a micrometer and to tie the tendon end to the force transducer (Aksjeselskapet Mikro-Elektronikk, Horten, Norway), which was made watertight and positioned close to the thermopile. Experiments were performed at 200 C in a solution containing (mM) NaCl 127, KCl 2.3, MgSO4 0.6, KH2PO4 1.3, NaHCO3 25, CaCl2 0.5/1.0/1.4/2.5, and glucose 5.6. Both solutions had a pH of 7.4 when gassed with a mixture of 95% 02-5% Co2. Thermopiles were made by vacuum deposition of bismuth and antimony on a mica substrate, as described in detail in Mulieri et al,15 and were used to measure temperature. Sensitivities of the three thermopiles used for this study were 76.1, 85.7, and 83.5 ,uV K`per junction. Stimulation (block pulses of 3-4 V and 3-4 msec) was achieved by two platinum electrodes cantilevered from the frame. Stimulus heat was negligible. Thermopile output was measured with an ANCOM CM 1251 amplifier (Cheltenham, England).
Protocol and Recording
After mounting the muscle on the thermopile, the aluminum frame holding the pile was brought into a small, cylindrical, stainless steel chamber containing Tyrode's solution, which was in turn submerged in a water tank in which temperature was kept at 20°C. The muscle was stimulated at 0.2 Hz for 2 hours before draining at optimal length for force develop- ment. Stimulation was stopped, and the chamber, containing the muscle on the thermopile, was drained. When the temperature tracing had become stable, stimulation (0.2 Hz) was resumed until force and temperature were at a steady level, which occurred at approximately 10 minutes. Stimulation was then stopped to allow the temperature tracing to return to the baseline level. This took about 5 minutes. Then Peltier heating was done for calibration and heat loss correction. Thereafter, muscle length was reduced using the micrometer, stimulation was resumed, and the procedure was repeated at the new length. At each length, force and temperature change were recorded on a chart recorder and on a MINC 11/23 computer (DEC) at sampling frequencies of 10 and 20 Hz, respectively. Four or five lengths were used per muscle and per calcium concentration. A total of nine muscles was used. In four muscles, the calcium concentration in the Tyrode's solution was 1.4 mM; in five muscles, two calcium concentrations were studied (0.5 and 2.5 mM in four muscles and 1.0 and 2.5 mM in one muscle).
Analysis of Force and Temperature Records
The peak isometric, developed force values were plotted as a function of muscle length ( Figure 2 ). The maxima were connected by straight lines, and the intercept with the length axis was obtained by extrapolating the line connecting the two lower force maxima to zero force. By integrating the area under the straight lines a value for FLA was obtained.
The analysis of the temperature recordings was described in detail by Mast and Elzinga.16 In this approach, the temperature decay recorded at the end of the steady-state twitch train is shifted backward over n contractions. Subtraction of the tracing thus obtained from the original recording yields the time course of the temperature change due to the last n contractions. This recording is corrected for heat loss and multiplied by the effective thermal capacity. Then initial and recovery heat are separated. The time course of the initial heat during a single (steady-state) twitch is then found by taking the average of the n steady-state twitches used for the analysis. For the present experiments, n was taken between 10 and 30.
Accuracy of Measurements
The two quantities to be compared in the present study, that is, FLA and the Hi,, are measured independently from one another. Therefore, to obtain a reliable outcome, precise calibration is required. Developed force and muscle length can easily be measured within 5% or less. The amount of heat produced, however, has to be derived from the measured temperature change by following a somewhat complex procedure comprising measurement of thermopile sensitivity, correction for heat loss, and determination of the effective heat capacity. As far as thermopile sensitivity is concerned, we reported earlier17 that the method described by Kretschmar and Wilkie18 yielded approximately the same value (within 4%) as transferring the thermopile rapidly between two baths with different temperatures.
In Figure 4 of our previous study,17 we showed how the measurement of the initial heat depends on the time constant used for heat loss correction; the percentage of error in the time constant used to correct for heat loss causes about the same percentage of error in the initial heat measurement. The function to be used in the correction for heat loss is obtained when the thermal heat capacity involved in the temperature change caused by contraction (muscle, adhering saline, central part of thermopile) is allowed to cool off without any interference from metabolic heat production or absorption. Since recovery heat is produced at a diminishing rate after contraction, the cool-off function immediately following the mechanical activity cannot be used. For the present study, we compared two methods to obtain the function required: Peltier heating and Joule heating.
When the thermopile is heated by a Peltier current, the subsequent cool-off tracing can be fitted accurately by a double exponential function. We found, when putting thermal capacities on the pile (different strips of silver or papillary muscles of different sizes), that the smaller time constant (<0.75 seconds) of the double exponential function did not vary with added thermal mass. Therefore, we ascribed this part of the response to a "cold junction effect": the Peltier current causes the temperature at the hot junctions to rise, whereas the temperature at the cold junctions will fall. Since the cold junctions are tightly clamped into the aluminum frame, the heating of the cold junctions after the Peltier current is switched off occurs rapidly.
Joule heating of papillary muscles can be achieved without stimulating the muscle when a high frequency (8 kHz) current is used. The temperature change after the Joule heating is stopped can be accurately described by a single exponential function. For 15 muscles on the thermopile, we compared the time constant of the temperature decay after Joule heating with the larger of the two time constants fitting the cool-off tracing after Peltier heating. The comparison is shown in Figure 3A . Up to approximately 8 seconds, the points are found close to the line of identity, but for larger values (muscles) the time constant is higher in case of Joule heating. Thus, for muscles of the size normally used on thermopiles, there was good agreement between the two methodologies. Although we cannot be absolutely certain that the source of deviation shown in Figure 3A resides in the Joule heating, we preferred, for reasons given below, to use Peltier heating for heat loss correction.
Amplitude and time constant of the slow component of the Peltier response were used to calculate the heat capacity of the system according to the method of Kretschmar and Wilkie18: C-=(1 * T * n2 * a?)/(V/,r) (3) where C (joules/kelvin) is the heat capacity, I (amps)
is the Peltier current, T (kelvin) is the ambient temperature, n is the number of active junctions, a (volts/kelvin) is a Seebeck coefficient, V (volts) is the Heat capacity is calculated on the basis of blotted weight. A blotted weight/diy weight ratio of 4.55 was used.'3 Specific heat was taken to be 3.67 mJ K-1 * mg-1.
amplitude of the Peltier response, r (seconds) is the time constant of the slow component of cooling off after Peltier heating.
For six papillary muscles, the thermal capacity determined by this method was compared with the heat capacity obtained on the basis of blotted weight and specific heat ( Table 1) . For that purpose, the muscles were mounted on the thermopile in a humid environment while the saline adhering to the muscle was removed with filter paper.
For these experiments, 22 active junctions were used, corresponding to an active region with a length of 5.7 mm. Figure 3B shows the correspondence that was found between the two determinations. This result was obtained after a correction was made for the part of the muscle lying outside the active region. The correction was carried out by multiplying C (the result of Equation 3) by the ratio of muscle length and active region.
The result shown in Figure 3B was regarded in support of the use of Peltier heating to obtain the heat loss correction function. It was concluded also that the method described by Kretschmar and Wilkie18 could be used to obtain the effective heat capacity over the active thermopiles without a significant systematic error.
Results
An experimental recording of thermopile output and force from a muscle at optimal length for force development is shown in Figure 4A . From the oscillatory temperature change, the last 10-30 contractions were (after subtracting the actual tracing from the tracing obtained by shifting the temperature decay at the end of the stimulus train backward by 10-30 twitches) corrected for heat loss, calibrated, and averaged to obtain the initial heat produced during a steady-state twitch contraction ( Figure 4B ).
The lengths and dry weights of the muscles, together with the resting forces and the forces developed during the steady-state twitch, are summarized in Table 2 . For muscle lengths below 6.0 mm, we used 14 instead of 22 active junctions on the thermopile.
When the muscle is stimulated at lengths where it is slack at rest, shortening has to occur, and contraction is no longer truly isometric. Since shortening c ©cl FIGURE 4. Panel A: Recording of steady-state force and temperature change. From the latter vanable, the heat production was obtained through heat loss correction and calibration. Panel B: Separation of the corrected and calibrated heat recording into the heat produced duing the contraction (H,,) and the relaxation phase (Hi,) achieved through determination of the time ofpeak force. " 100 a 3 6 may affect heat and force differently, we decided to use the two longest lengths only where the muscle was above slack length for the comparison between the initial heat produced during relaxation and FLA. This a priori exclusion of the heat data determined at short muscle lengths did, however, not affect the comparison of the heat produced during relaxation and the FLA as presented in Figure 5 .
The moment of peak force was used to obtain Hir, as demonstrated in Figure 4B . We found that in most muscles more heat was generated during the relaxation than during the contraction phase ( Table 3 ). The ratio of these two fractions of the initial heat at optimal length for force development varied between preparations from 0.9 to 6.4. We could not find a satisfactory explanation for such large differences between muscles. There was no correlation with mechanical parameters such as twitch duration and time to peak tension.
In the present study, interest was focused in particular on the absolute values of Hi, in joules as compared with those of the corresponding FLA in joules as well. FLA was obtained by connecting the developed forces at different lengths by straight lines (Figure 2 ) and integrating the FLA underneath the lines. Linear regression through all the force maxima, that is, a procedure comparable with the determination of Em., could not be followed here without neglecting the clearly curved nature of the forcelength relation. This difference in shape between the pressure-volume relation of a ventricle and the forcelength of the muscle fiber on which the pressurevolume relation rests is already to be expected on geometrical grounds. For each muscle and each calcium concentration, a value for FLA was determined. Since heat could not be measured reliably in two occasions (Table 3 ), a total of 26 values could be compared with the corresponding Hi,.
The final outcome of this study is shown in Figure   5 , in which Hi, is plotted against FLA for the 26 points obtained; the regression line is given by Hir=1.05 (±0.09) FLA+2.68(+1.96). Since the intercept was not significantly different from zero and the slope was not significantly different from unity, the conclusion is that the prediction on the basis of the time-varying elastance model cannot be negated by experiments on rabbit papillary muscle at 200 C. When FLA is multiplied by H,/Hi where H, is total heat and Hi is the initial heat, the total amount of energy is found that is needed to generate the potential energy by the papillary muscle. In an earlier study,17 we showed that the recovery ratio r (r=Hr/Hi, 26.9/49.0 In four muscles, the calcium concentration in the Tyrode's solution was 1.4 mM; in five muscles two calcium concentrations were studied (1.0 and 2.5 mM in one muscle and 0.5 and 2.5 mM in four muscles). where Hr is the recovery heat) equals about 1.2. Since Ht=Hi+Hr, the ratio of total heat over initial heat, Ht/Hi, equals 2.2. Thus the efficiency with which the FLA is generated is 45%. This value is in between the 38-48% or so reported for the efficiency with which the pressure-volume area is generated by the canine left ventricle.7,10
Discussion
The finding that the energetic prediction based on the time-varying elastance model describing the mechanical and energetic properties of the bloodperfused ejecting canine heart is also valid for isolated rabbit papillary muscle is a surprise for more than one reason. First, it is remarkable that a prediction from a lumped model designed to describe the hemodynamic properties and the related energy turnover of blood-perfused canine hearts at 370 C is not easily negated by experiments on isolated rabbit papillary muscle at 200 C. Second, it has been argued on theoretical grounds that the model cannot reflect the true nature of muscle contraction. 19 Finally, the present result contrasts with our earlier, preliminary findings20 that suggested that Hi, might be somewhat less than that predicted by FLA.
To address the last point first, a possible reason for the difference between the conclusion from our previous preliminary results and that from the present findings may be the accuracy with which the thermal capacity involved in the temperature change was determined. The importance of a correct estimate for this quantitative comparison has already been underlined, and the validity of the methods in current use is discussed above (see "Materials and Methods"). For our preliminary results,20 we took the sum of the wet weight of the muscle and a geometrical estimate of the additional water. We cannot exclude the possibility that this caused an underestimate of the thermal capacity and, therefore, of Hi, and regard our present approach as the more accurate one.
Apart from a possible systematic difference in the estimate of the thermal capacity between this study and the previous preliminary one,20 the present data constituting the relation between Hi, and FLA ( Figure 5 did not make the slope of the relation differ from unity.
Two theoretical arguments19 have been used against the idea that the time-varying elastance behavior of the left ventricle as described by Equations 1 and 2 may represent the true nature of the contractile apparatus. The first argument stems from the result obtained by Fenn21 in 1923 on frog sartorius muscle. Fenn showed that the energy released by the muscle can be larger for muscles shortening while carrying force than for muscles contracting isometrically at the initial length. This property of the contractile system disproved in those earlier days the validity of the viscoelastic theory of muscle contraction22; the time-varying elastance model tested by our experiments can also not accommodate the original findings by Fenn, which is cause for concern if the nature of the contractile apparatus is Hir, heat produced during relaxation phase; FLA, force-length area; Hi,, heat produced during contraction phase. In four muscles, the calcium concentration in the Tyrode's solution was 1.4 mM; in five muscles two calcium concentrations were studied (1.0 and 2.5 mM in one muscle and 0.5 and 2.5 mM in four muscles). c c /14.c the same in frog sartorius and mammalian myocardium. However, other investigators23,24 regard this point less problematic and redefine the Fenn effect. The present study does not provide new information on this point. The second argument is that in muscle there is no known structure that can store that amount of potential energy in mechanical form. The elasticity of the crossbridges is apparently not involved in potential energy storage because a quick release of about 1% is sufficient to bring force down to zero.
In earlier studies,1617 we argued that the initial heat produced by cardiac muscle originates most likely from phosphocreatine splitting. In the present study, we demonstrated that most of the heat is produced during relaxation. This suggests that the potential energy (FLA) is stored in chemical form, possibly as phosphocreatine.
To understand why splitting of phosphocreatine may occur predominantly in the relaxation phase of the twitch, it is useful to make an estimate of the rate of crossbridge turnover (v) in our experiments. This can be calculated by v=(hcb* d)/(p * M * AHm), where hCb is the heat rate related to crossbridge turnover, d is the density of muscle (1,050 kg _ m-3),22 p is the fraction of crossbridges participating in the contraction, M is the myosin subfragment-1 concentration (0.16 mol . m-3),25 and AHm is the molar enthalpy of phosphocreatine splitting (-34,000 J/mol).26 To obtain the heat rate related to crossbridge turnover, we assume that the initial heat is produced at a constant rate (see Figure 4B ) during a twitch of 2 seconds and that two thirds of that is due to crossbridge turnover.27 From the average initial heat produced at a calcium concentration of 2.5 mM (11.9 J . kg-1 wet wt; Table 3 , dry wt/wet wt=0.22), we obtain a value of 6 J * sec`. kg`wet wt; two thirds of that equals 4 W . kg1 wet wt (hCb). It is difficult to estimate the fraction of crossbridges participating in contraction. Heart muscle is not maximally activated, and a stimulus frequency of 0.2 Hz is quite low. For tetanic contractions of skeletal muscle, where no relaxation occurs at all in between stimuli, it is assumed that 80% of the crossbridges are involved. 28 On such uncertain grounds, we took p to be equal to 0.5 in our experiments. The rate of crossbridge turnover can then be estimated to be about 1.5 sec`.
It is of interest to compare this value with that of the mean crossbridge cycling rate determined by rapid perturbations.29'30 On the basis of these studies, it was concluded that there can be only one cycle of the crossbridge during the isometric twitch. The same conclusion can be drawn indirectly from rapid release experiments on whole ventricles. 20 Although this value for the rate of crossbridge turnover should, in view of the above assumptions, be regarded with some reservation, its order of magnitude may help to explain why a large part of the initial heat produced during a twitch contraction of papillary muscle is released during relaxation; peak force is attained at about 750 msec. The energetic prediction tested in the present study implicitly assumes that, apart from the mechanical potential energy directly related to crossbridge turnover, no other component contributes to the heat liberated during relaxation. This assumption may not be valid, because it is well known that an appreciable fraction of the total energy, apart from the mechanical energy, is required for activation. 25 If that energy also appears as Hi,, our prediction would be incomplete.
The energy related to activation is required for the reuptake of calcium. It has been shown31 in papillary muscles that the cytosolic free calcium follows a time course resembling the positive part of the time derivative of force (dF/dt). Per definition, relaxation starts at the moment that dF/dt becomes negative; thus, free calcium in the myocytes is already quite low. Therefore, it is not unrealistic to suppose that much of the phosphocreatine splitting related to the Ca-ATPase has already taken place at the onset of relaxation.
In this context, it is of interest to note that in the time course of the initial heat produced by rabbit papillary muscle two phases have been recognized: one during contraction and the other during relaxation. 32 Although we did not always find a clear distinction between these two phases (refer to Figure   4B ), in many experiments we could confirm the occurrence thereof. The two phases are more conspicuous when initial heat rate instead of initial heat is analyzed. Figure 6 gives an example. To reduce the noise of the heat rate tracing, 40 steady-state contractions of the same preparation were averaged. The shape of the heat rate tracing suggests that there are two major heat-producing processes. The first process attains its maximum at peak dF/dt, whereas most of the heat produced by the second process is dissipated in relaxation. This observation is in accordance with the idea that most of the energy related to the Ca-ATPase is liberated during contraction, while crossbridge-related heat is found in particular in relaxation. The apparent overlap of the two phases may bring the energy liberated in contraction and relaxation (Hic and Hi, component in Figure 6 ) even quantitatively closer to the activation-and contraction-related heat, respectively.
When Hi, represents the ATP split by the crossbridges, and thus a large fraction of the number of crossbridge cycles per twitch, it is difficult to explain why the FLA should represent that amount of ATP. If we suppose, for instance, that force is proportional to the number of crossbridges participating in the contraction, the consequence is that the number of crossbridge cycles per twitch increases with the square of the number of participating crossbridges when force is increased by lengthening the muscle. Such a consequence requires that changes in length affect the rate of crossbridge turnover and/or twitch duration in a very specific way. On the other hand, a change in inotropic state at a given length, for instance by calcium, should change the number of crossbridges and crossbridge cycles in proportion. To discuss possible mechanisms here would become too speculative. Moreover, it should be stressed that, even if we were able to give a quantitative explanation for the existence of such relations between the number of participating crossbridges and crossbridge cycles per twitch, there is minimal understanding of how the nature of the contractile machinery and the time-varying elastic behavior of the ventricle according to Equations 1 and 2 are related.
In summary, this study showed that the timevarying elastance model developed for the bloodperfused whole canine left ventricle correctly predicts Hi, of a rabbit papillary muscle at 200 C. This energy is most likely due to the hydrolysis of creatine phosphate reforming the ATP split by the crossbridges. However, it is not clear what mechanisms may cause the equality of Hi, and FLA. In view of Fenn's result,21 it remains most likely that we are dealing with a specific combination of a number of quite different properties that lead, in some cardiac preparations, to simple overall behavior.
